INTRODUCTION
Forest felling and burning are parts of the shifting cultivation cycle that supports millions of people throughout the tropics. These practices are also the precursors of permanent agriculture, pasture establishment, and plantation forestry. Tropical deforestation is of great current concern (e.g., United States Department of State and United States Agency for International Development 1978, Myers 1980, National Research Council 1980), especially because of its potential impacts on genetic diversity (Myers 1979 ) and on biogeochemical cycles.
The impact of tropical forest felling and burning is of special importance to the global C cycle because of its relationship to world climate (Bolin 1977 , Wong 1978 , Woodwell 1978 , although some feel that the role of tropical deforestation has been exaggerated (Broecker et al. 1979 ). It may also affect global S budgets. Tropical forest felling and burning have important local impacts on nutrient cycles, soil organisms, and stored propagules, all of which can have long-term effects on site quality and recovery.
Despite the ecological and economic implications of the slash and burn cycle, there have been few studies tro Agron6mico Tropical de Investigaci6n y Ensefianza (CATIE). The site is located at 9053'N, 83'40'W, and lies 650 m above sea level. Our study area included some of the same land where Harcombe (1977a,b) conducted earlier studies on second-growth vegetation and nutrients. Mean annual rainfall is -oo2700 mm, and the dry season extends from January through March. The site is in the Tropical Premontane Wet Forest life zone (Tosi 1969) . Topography is lightly undulating (5-28% slopes). The soil is the Colorado sandy clay series, classified as an Andept Inceptisol by Aguirre (1971) , but earlier referred to as a senile latosol by Hardy (1961) . The vegetation consisted of 8-9 yr old second-growth that had regrown following Harcombe's studies and a later interplanting of timber trees by CATIE foresters, plus remnant patches of an old (o~o70 yr) secondary forest dominated by Goethalsia melantha. The successional vegetation on the site is floristically and physiognomically typical of regrowth on similar soils in the humid tropics of Central America.
The vegetation on three 33 m x 33 m plots was felled during the 1st wk in January 1979. Firewood (17.8 m:3) was removed from the site, and the remaining vegetation was allowed to lie on the soil through the dry season until it was burned on 22 March 1979. Each plot was surrounded by a buffer strip 5 m wide consisting of the uncut original vegetation. The burn was quite complete, and left the site covered with a uniform gray-white ash.
Burn temperatures
Temperatures in the litter and upper layers of the soil were measured using temperature-sensitive paints (Tempilaq) with melting points of 380, 660, 930, 1210, 177?, 232?, 288?, 3990, 510?, and 621'C. Sensor design was similar to that of Fenner and Bentley (1960) . Each paint was applied in a thin band parallel to the long axis of a 5 cm x 7 cm mica sheet, which was then stapled to a sheet of asbestos of the same size. The temperature sensors were placed at 62 randomly selected locations (21 or 20 in each of the three plots). To install each temperature sensor, a slit was made in the soil with a machete, and the temperature sensor was placed vertically so that it extended approximately 1-2 cm above the soil surface. The position of the soil surface was indicated with a small notch in the side of the mica sheet. The temperature sensors were recovered after the burn and the distance from the top of each sensor to the depth of melting was measured for each temperature-sensitive paint band.
Aboveground sampling
Prior to the burn, biomass was harvested from four 3 m x 3 m plots located in the uncut vegetation surrounding the experimental plots. All vegetation in each plot was harvested and separated into leaves plus reproductive parts, stems, and dead (= standing dead plus litter). Three subsamples, -0.5 kg each, were taken from each compartment, oven dried for :24 h at 650C and weighed for fresh mass-dry mass conversions and chemical analyses. Specific gravity of the firewood removed from the site was determined by oven drying wood samples at 70'C, weighing them, and measuring their volume. Leaf area was determined by sampling 100 g fresh mass of leaves of common species from around each of the four biomass harvest plots. The area of each sample was determined with a leaf area meter (Li-Cor LI-3000), and the leaves were then oven dried at 70'C. The area to dry mass conversion (186.7 cm2/g, r2 = .999) was then applied to the biomass harvest data to determine leaf area index.
Eleven weeks after the vegetation was felled the slash was sampled on two randomly located 1.5 m x 1.5 m plots. All fuel was harvested as a single compartment because most leafy material had decomposed during the 11 wk that the slash was on the ground. Two subsamples, -0.3 kg each, were oven dried as above.
Ash was collected within 20 cm of each of the 62 temperature sensors. At each point we placed a porcelain crucible (3.1-or 4.6-cm diameter) or a 50-mL Pyrex beaker such that its upper rim was beneath the litter and flush with the soil surface. Ash was also sampled by randomly placing three 8.9 cm diameter Petri dishes beneath the litter on each plot prior to the burn. After the burn, the containers were collected and covered, then taken to the lab, opened, and oven dried to constant mass at 70'C. Bulk density of the ash (mass per unit of undisturbed volume) was determined by weighing the ash in those 33 ash collectors that were brim-full. Ash depth was determined by 300 regularly spaced measurements, 100 in each of the three plots. The total mass of ash on the site was then calculated by multiplying the bulk density by the average ash depth.
Belowground sampling Roots were sampled from 0 to 3 cm depth in the undisturbed preburn vegetation, from beneath the slashed vegetation that had been on the ground for 11 wk, and from beneath the ash immediately following the burn. Sampling was done with a 5.4-cm diameter corer having a sharp leading edge. For each of the three conditions (undisturbed vegetation, slash, postburn), four locations were sampled and three cores were taken from within each location. The natural vegetation roots were sampled from the four biomass harvest plots, and the slash and postburn sampling points were located inside the larger burn plot, one near each biomass harvest plot. The cores were soaked in a 20-L tank fitted with an overflow spout. Water was circulated into this tank and the flotsam, including roots, was collected on a 0.5-mm sieve beneath the overflow spout. Roots were separated from the other overflow material, air dried, and separated into two size classes: -s<2 mm diameter and >2 mm diameter. These clean root samples were then oven dried to constant mass at 70'C. Root biomass was determined individually for each of the 36 soil cores, but the three cores from each sampling location for each of the three conditions were pooled to obtain enough root material for chemical analyses.
Soil was sampled under four conditions: beneath the second-growth vegetation in the buffer strips surrounding the plots; beneath the slash that had been on the ground for 11 wk; immediately following the burn; and immediately after the first rains, ==2 wk after the burn. Four soil samples were taken for each condition, and each sample consisted of a composite of 10 cores. Sampling depths were 0-3 and 3-8 cm. Each composite sample was well mixed, oven dried at 550C to retard denitrification, ground, and passed through a 2-mm sieve. Soil sampling locations were the same as root sampling locations. Bulk density was determined at 0-3 and 3-8 cm by taking 12 volumetric cores, 5.4-cm diameter, and oven drying them at 1000C.
Chemical analyses
Duplicate chemical analyses were run on all plant material and soil samples.
Plant tissues (leaves, stems, trunks, litter, fuel, and roots) were ground fine in a Wiley mill. N in plant tissues was determined using a semimicro Kjeldahl technique (Muller 1961) . Tissues destined for cation, P, and S analyses were digested using the nitric-perchloric (5:1 ratio) method of Johnson and Ulrich (1959) . Ca, Mg, and K were determined by atomic absorption. S was determined by the turbidimetric method of Chesnin and Yien (1950) . P was determined calorimetrically as described by Johnson and Ulrich .>6210C (10). An eighth composite was made from the contents of the nine Petri dishes. Each of the eight composite samples was then divided into three subsamples: one destined for cation and P analysis, one for S analysis, and one for N analysis. One ash sample was oven dried at 700C and weighed, then re-ashed in a muffle furnace at 8000C and reweighed to determine the C content of the ash. Cations, P, S, and N were determined as described above for plant tissues.
Soil pH was determined in water and 0.01 moIIL CaCl2 using a soil:liquid ratio of 1:2.5 volumes. Soil organic matter and total N were determined on subsamples that were ground to pass through a 0.25-mm sieve. Total N was determined by the semimicro Kjeldahl technique (Bremner 1965 ). Organic C in the soil was determined by the Walkley-Black (1934) wet digestion method as modified by Siaz del Rio and Bornemisza (1962) . A ratio of C digested to total C present of 0.75 was used, based on the recent work on tropical Andepts by Bornemisza et al. (1979) . Exchangeable cations in the soil were extracted using ammonium acetate at pH 7.0 (Bower et al. 1952 ), followed by analysis via atomic absorption. Available soil P was extracted using NaHCO3 (Olsen and Dean 1965), followed by colorimetric determination. Available soil S was extracted with Ca3 (PO4)2 (500 gg/g P) and the analysis was done turbidimetrically (Fox et al. 1964 ). Total soil S was determined using an induction furnace (Leco 572-200) on single composite samples of four cores each, 0-3 cm, from the forest, the 11-wk-old slash, and the postburn field.
Plant material C was calculated as 46.3% of plant tissue (Levitt 1969 :130) after subtracting our analytical results for N, P, K, Ca, Mg, S, plus an assumed 2.5% for other mineral elements.
Carbon dioxide evolution CO2 evolution from the soil was measured in two 24-h series: 1 on 19 March immediately before the burn, and the other on 6 April, -2 wk after the burn. Methodology was similar to that of Schulze (1967) . Nine locations were randomly selected along the plot boundaries. At each location we selected two paired sampling points, one at least 4 m into the undisturbed vegetation, and the other in the study plot, either in the preburn slash or in the postburn ash. A wire stand 5 cm high was located at each point and used to support an uncovered Petri dish containing 25 mL of 1.ON NaOH. The stand and Petri dish were then covered with an inverted 4 L can enclosing 0.019 M2. Every 3 h for a 24-h period the cans were removed, the NaOH was collected and stored in a film canister, and replaced with fresh NaOH. Every 3 h three blanks were run by pouring 25 mL of 1.ON NaOH into a Petri dish and immediately back into the canister. In the laboratory, each sample was titrated with 0.5N H2SO4 to phenolphthalein and methyl orange end points. The CO2 content of the blanks did not vary over time, so total CO2 absorption of each sample was determined by subtracting the mean blank value from each sample value.
Soil moisture plus surface soil and air temperatures were monitored as physical variables that might influence rates of CO2 evolution. Soil moisture was determined by weighing, oven drying ( At each 3-h sampling time temperature was recorded from three randomly located pairs of thermometers in the surface soil (1 cm) and two pairs in the air just above the soil surface.
Seeds in the soil
The impact of slashing and burning on seed storage in the soil was determined by germinating seeds from soil samples taken from the second-growth vegetation, from the 1 1-wk-old slash, and from the burned plots the day after the fire. Ten samples were taken from each of those three conditions at randomly selected points. The preburn samples from under the slash and the postburn samples were taken within 2 m of each other to permit paired analysis of the data. Each sample consisted of two cores of soil plus litter, 4 cm deep and 8.5 cm in diameter. Therefore, the surface area included in each sample was 113.5 cm2 and the volume of each sample was 454 cm3. Each sample was spread to a depth of 1 cm over well-washed river sand. Six control flats containing only the river sand were used to monitor greenhouse contaminant seed inputs. All seedlings were counted and identified to morphospecies until 8 June (I I wk).
Plant growth
Soybeans were grown in nine samples of surface soil (0-3 cm) taken from each treatment: preburn slash, postburn, and forest. After 59 d all plants were harvested, and separated into leaves, stems, roots, and reproductive parts, prior to oven drying (70'C) and weighing. Roots were visually examined for nodules and stained with trypan blue in lactophenol prior to microscopic examination for mycorrhizal infection. 
RESULTS

Numerical
Burn temperatures
Even though most of our burning consisted of backfires, which are notoriously hot, the mineral soil was not exposed to excessively high temperatures (Fig. 1) . The highest temperatures were reached in the dense fuel 1-2 cm above the soil surface, and average surface temperature was :200'C. Temperatures dropped markedly beneath the soil surface; the mean at 1 cm was 1000C, and at a depth of -3 cm the mean temperature was <380C.
Temperatures varied considerably from point to point, depending upon fuel quality, amount, and moisture content. This variability is reflected in the standard deviations plotted around the means (Fig. 1) . In general, the higher the temperature reached, the less variable was the depth at which it was achieved.
Chemistry
Soil changes, exclusive of element concentrations and bulk densities, are summarized in Table 1 . Surface soil pH increased markedly through the decomposition interval and the burn, but the pH below 3 cm did not change. The ApH (= pHH2( -pH(aCl2) is negative under all conditions, indicating that the soil at the study site has a net negative charge, or positive cation exchange capacity. The cation exchange capacity was lowest immediately after the burn, which probably reflects the combustion of surficial organic matter. The C:N ratio in the surface 3 cm dropped during decomposition and the burn, indicating that C was released more readily than N, and/or that N accretion occurred. C:N ratios did not change significantly at 3-8 cm.
Mass and chemical concentrations are summarized in Table 2 . The trunks, which were removed from the site and thus became a nutrient export, consisted of some 8-9 yr old Cecropia, Ocotea, and Virola, but were mostly remnant Goethalsia from the much older secondary forest that covered the entire site prior to 1970. The biomass of the preburn vegetation, excluding trunks, (leaves + stems + roots = 3.2 kg/M2) is quite low, and may reflect the dominance of this regrowth by woody vines rather than trees and shrubs.
Carbon dioxide evolution
Rates of CO2 evolution and changes in soil moisture were analyzed as a function of time of day, and no significant diurnal fluctuations were detected. Therefore, all CO2 evolution and soil moisture data from each 24-h run were pooled (Table 3) . Because fresh reagents were used for each of the two series, the differences in CO2 evolution rates before and after the burn, and the absolute values, should be used with caution. Relative differences between soils sampled during the same 24-h run, however, can be used with confidence. Before the burn, the rate of CO2 evolution was significantly greater (paired t test, a < .05) from soil beneath the slash than from forest soil. The soil beneath the insulating layer of slash was significantly wetter than soil beneath the actively transpiring forest. Both soil moisture and the abundance of dead plant material may be responsible for the greater CO2 evolution beneath the slash. After the burn, however, there was no difference between the rate of CO2 evolution from the soil beneath the ash and the forest.
Seeds in the soil
Substantially fewer seeds germinated from soil sampled from beneath the slash (=6000 seeds/M2) than from beneath the forest (nearly 8000 seeds/M2), but the decrease was not statistically significant due to large point-to-point variability, especially in the forest (Fig.  2) . The number that germinated after the burn (< 3000 seeds/M2) was significantly less (ANOVA and LSD, a < .05) than the number germinating from soil sampled from both forest and slash. Germination was quite rapid; at least two-thirds of all seeds that germinated over the 78-d period did so during the 1st 30 d.
The three germinated seed floras were remarkably diverse. The decrease in number of species followed a trend similar to that of the decrease in number of individuals: forest, 67 species; slash, 51 species; and postburn, 37 species. Of the total germinated flora of 104 species, 19 were common to all three treatments. The forest and slash had 28 species in common, and the forest and slash each had 21 species in common with the postburn field.
Plant growth
Soybeans grew equally well in soil taken from beneath the 1 l-wk-old slash, the forest, and the postburn ash. None of the plants became modulated. Only 16 of 27 plants were infected with mycorrhizal fungi, and there were no significant differences in rate of infection among the three soils. Soybeans infected with mycorrhizae did not grow significantly larger than those that were uninfected. There were no significant differences in dry mass of leaves, stems, reproductive parts, roots, or total biomass (overall mean = 6.7 g/ plant) among soybeans grown on any of the three soils. The effect of the burn is ameliorated by the insulation of the soil by the slash. Even though a slashed field is a blistering hot environment, the soil surface is well protected and soil moisture is conserved by this nontranspiring layer of dead plant material (Table 3) 
Chemistry
Soil pH increases as a result of burning, and affects P and cation availability. Increases comparable to those at our site (Table 1) The amount of nutrient-rich ash deposited on our site (670 g/m2) was substantially larger than the only other value in the literature: 400 g/m2, measured by Seubert et al. (1977) . We are confident that our large sample size (n = 71 ash collectors and 300 depth measurements) resulted in an accurate estimate of ash production and that the fire that produced it was representative of the intensity used by shifting cultivators. Within days after the burn, the dry season breezes had blown away substantial amounts of the uppermost fluffy white ash. After the onset of the rains, the less thoroughly combusted gray-white ash washed off the site or into the soil, leaving only charcoal fragments on the surface. Charcoal was still evident in the surface soil nearly 1 yr after the burn. Three of the elements studied, Ca, Mg, and P, have sedimentary biogeochemical cycles, and are relatively immobile. The fates of these three elements at our site are summarized in Fig. 3 . None of these elements was lost during the burn, but small amounts of Ca (2.6 g/ mi2) and substantial amounts of P (0.3 g/m2) were lost during the 1 1-wk decomposition period. Wood harvest removed 11-16% of the total stock of each of these three elements, but accounted for substantially less than the amount lost by postburn leaching, erosion, and wind (40-5 1%). After the burn and onset of the rains >40%o of the Ca and Mg, but only 20% of the initial amount of P, remained in or above the surface 3 cm of the site. Much of the reduction in P probably resulted from fire-mediated conversion to forms not extracted by our technique. Fassbender (1975) heated seven tropical soils and found that there was a significant release of P as H2PO4-, which then formed stable phosphates of Ca, Fe, and Al.
The other four elements monitored were much more mobile, either because they were readily leached (K), and/or because they were subject to physically or biologically mediated volatilization (C, N, S). One difference often cited as distinguishing temperate and tropical forests is that the nutrients in tropical forests
PHOSPHORUS (2.2 g/m2)
CALCIUM ( are primarily immobilized in aboveground biomass, whereas the bulk of the nutrients in most temperatezone forests are in the soil. At our site this generalization is valid for P, Ca, Mg, and K, but not for C, N, or S (Fig. 4) . Assuming that the ecosystem potentially affected by the burn extends from whatever is aboveground to a soil depth of 3 cm, we find that 43% of the C, 69W of the N, and 48% of the S (but only 10% of the K) are contained in the upper 3 cm of soil.
These soil storages are relatively immune to volatilization during the fire, and thus remain on site after Most of this belowground storage is in organic matter other than roots, which account for only 4% of the belowground C, 2% of the belowground N, and 7% of the belowground S. N incorporated in soil organic matter is not likely to be in forms readily available for plant uptake, but the popular idea that burning results in loss of most N is clearly incorrect.
The soil at our site is relatively nutrient rich, so one might assume that the conservation of N, C, and S during the burn is an artifact of this site characteristic. This is not correct. Leaves account for only 3-7% of the initial amounts of K, C, N, and S. Leaf decomposition is so complete by 11 wk that most of the nutrients they contain are released to the soil prior to the burn.
Carbon dioxide evolution
Our values of carbon evolution from the soil (Table  3) Several workers (Reiners 1968 , Schlesinger 1977 , Schwartzkopf 1978 ) have stressed the importance of soil moisture, soil temperature, and/or wind velocity at the soil surface as environmental factors that dramatically affect rates of CO2 evolution. Wind velocity was eliminated as a variable in our experiments because the absorbing receptacles were enclosed beneath inverted cans.
We anticipated that rates of CO2 evolution would exhibit diurnal trends, tracking the sinusoidal variation in temperature described as typical of data from temperate-zone forests by Witkamp (1969) . Our data showed no diurnal pattern. In fact, three of our four diurnal runs exhibited minima about midday; the fourth showed one just before midnight. Maxima occurred at various times. Under the preburn slash the maximum occurred just prior to dawn, when the convection caused by higher soil than air temperature might explain high rates of CO2 evolution, as suggested by Witkamp (1969) .
Soil moisture probably exerted a great influence over the rates of CO2 evolution we observed. Before the burn, the slashed field had significantly higher soil moisture content than the surrounding forest (Table  3 ). The ratio of rate of C evolution from the forest soil to the rate of evolution from the slash (0.69) was almost equal to the ratio of forest soil moisture content to slash soil moisture content (0.72). Prior to the burn, before the rains began, soil moisture may have limited microbial activity.
The postburn CO2 evolution measurements were made after the first rains. Even though soil moisture was still higher in the burned field than in the forest, the absolute value of soil moisture was greater in both places than it had been prior to the burn. The rains may have increased soil moisture to the point where water was no longer limiting for microbial activity in During the 11 wk that the felled vegetation was decomposing and drying, both the number of individuals and the number of species stored as seeds in the soil dropped to 76% of the values observed beneath the forest. These decreases were probably due to reduced autochthonous seed inputs, coupled with loss of viability of seeds in the soil, and germination.
The burn killed 52% of the seeds and 27% of the species that were present beneath the mulch prior to the fire. Brinkmann and Vieira (1971), working with seeds of 16 tree species placed in the soil beneath slash in Amazonian Brazil, found that burning reduced germination of seeds in the surface 5 cm of soil to about one-third that of controls. They reported surface temperatures during their burn of 100'-150'C, which is cooler than most burns associated with tropical land clearing.
The slash and burn decreased soil seed storage by 63%: 24% loss during the mulch period and an additional 39% during the burn. Burning reduces the amount of initial regrowth, which is one reason it is done by most shifting cultivators. Site accessibility, pest control, and nutrient release are other reasons. The mulch and burn reduce the number of competing individuals more than the number of competing species. The species declined only 51%: 24% during mulch period and 27% during the burn.
CONCLUSIONS
Wood harvest removed >10% of the total standing crop (to 3-cm soil depth) of each of the seven elements studied, except N (Figs. 3 and 6) . Descriptions of shifting agriculture usually indicate that the forest is felled and burned in situ. Today that is still true in remote areas, but the situation is changing quickly. As accessibility increases, forest clearing is more commonly associated with wood harvest, and that trend is sure to continue as wood supplies become more scarce near urban areas. Also, much forest clearing in the tropics today is done by large agricultural and forestry businesses, and wood harvest is often an integral part of their activities. The loss of essential elements via harvested wood will become an increasingly important consideration in tropical ecosystem management, and may lead to rapid degradation of the most nutrientpoor sites.
The drying and mulching period is an important, but often neglected, part of the shifting cultivation cycle. On our site 33% of the K (Fig. 6) and 13% of the P (Fig. 3) were lost during the 11 wk prior to the burn. The concentration of K increased at both the 0-3 and 3-8 cm soil depths during the mulch period, and P increased in the 0-3 cm sample (Table 2) , but more K and P were lost than were trapped by the upper 8 cm of soil. Losses of other elements did not exceed 6%. The slash conserved soil moisture better than the surrounding evergreen vegetation, and recolonization began quickly after the burn.
The burn volatilized 31% of the initial amount of C, 22% of the N, and 49% of the S (Fig. 6) . C and N supplies might be restored by plant growth and N-fixation during succession, but the loss of S may be more permanent. Formerly S was added to tropical agricultural soils as part of many N fertilizers [e.g., (NH4)2SO4j, but today, with increasing use of high-N, S-free fertilizers (e.g., urea), S is likely to become in-amounts of soil C (essential for cation exchange in many mature tropical soils) and N were conserved, and only S was lost in deleterious quantities. The burn did not consume the root layer and surface soil organic matter, the mycorrhizae survived, and the ability of the site to support vigorous plant life was not impaired. The release of nutrients that had been immobilized in the vegetation significantly increased soil fertility.
After the burn, there was little immediate additional loss of C or S, presumably because they had already been volatilized by the fire. Postburn loss of N (16% of the initial amount) was high (Fig. 6) , and may represent the leaching of N as NO:= formed by the burn. The losses of nonvolatile elements after the burn and onset of the rains were very high: P (51%); K (33%); Ca (45%); and Mg (40%) (Figs. 3 and 6) . Our postburn soil sampling may have missed some of the remaining ash, but we are confident that deficiencies in sampling procedures did not account for the huge losses measured. Some of the P showed up as increased concentrations in the 3-8 cm soil sample (Table 2) 
